us 20030074335A1 



(19) United States 

(12) Patent Application Publication 

Singh et al« 



(10) Pub. No 
(43) Pub. Date: 



2003/0074335 Al 
Apr. 17, 2003 




(54) METHOD AND SYSTEM FOR 

DETERMINING STATE-OF-HEALTH OF A 
NICKEL-METAL HYDRIDE BATTERY 
USING AN INTELLIGENT SYSTEM 

(76) Inventors: PritpaJ Singh, Media, PA (US); Craig 
Fennle, New Brunswick, NJ (US); 
David E. Reisner, Bristol, CT (US) 

Correspondence Address: 
CANTOR COLBURN, LLP 
55 GRIFFIN ROAD SOUTH 
BLOOMFIELD, CT 06002 

(21) Appl. No.: 10/127,292 

(22) Filed: Apr. 22, 2002 

Related U.S. Application Data 

(63) Cimtinmlie^-of^pbcation No. 09/041,501, filed on 
(^ar. \% 1998, ^ Pat. No. 6,456,988. 



(60) Provisional application No. 60/040,476, filed on Mar. 
12, 1997. Provisional application No. 60/051,165, 
filed on Jun. 27, 1997. 

Publication Ciassificatlon 

(51) Int. Cl.^ G06F 15/18 

(52) U.S. CI 706/2 



(57) 



ABSTRACT 



A method and system for determining the state-of-health of 
a nickel-metal hydride battery connected to a load com- 
prises: detecting at least one of a real and imaginary part of 
an impedance of the battery at each of a first set of selected 
freqiicncics, the first set of selected frequencies including at 
least one frequency, and determining the state-of-health of 
the battery from a fuzzy system trained in a relationship 
between each impedance and the state-of-health, wherein 
the state-of-health is a function of the battery's ability to 
deliver power required by the load and the battery's capacity 
to meet load requirements. 
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METHOD AND SYSTEM FOR DETERMINING 

STATE-OF-HEALTH OF A NICKEL-METAL 
HYDRIDE BATTERY USING AN INTELLIGENT 
SYSTEM 



CROSS REFERENCE TO RELATED 
APPUCAnONS 

[0001] This application is a Continuation-Ia-Part of U.S. 
patent application Ser. No. 09/041^01, filed Mar. 12, 1998, 
which is wholly incorporated herein by reference, and which 
claims the benefit of U.S. provisional patent application 
Serial No. 60/004,476 filed Mar. 12, 1997 and U.S. provi- 
sional patent application Serial No. 60/051,165 filed Jun. 27, 
1997. 

[0002] This invention was made with Government support 
under contract USZA22-97-P-0010 awarded by the U.S. 
Department of Defense. The Government has certain rights 
in the invention. 

BACKGROUND 

[0003] The present invention relates to determining the 
state-of-health (SOH) of an electrochemical device. More 
particularly, the present invention relates to determining the 
SOH of a nickel metal hydride batteries using an intelligent 
system, e.g. a fuzzy logic system. 

[0004] The SOH of a battery, fuel cell, or other electro- 
chemical device has been interpreted in different ways by 
scientists/engineers in the field. In the case of valve regu- 
lated lead acid (VRLA) batteries used by utility companies 
for providing emergency backup power, SOH is interpreted 
to mean that a battery is close to the end of its cycle life and 
needs replacement. Several papers including Feder and 
Hlavac 1994 INTELEC Conf. Proc. pp. 282-291 (1994) and 
Hawkins and Hand 1996 INTELEC Conf. Proc. pp. 640-645 
(1996) demonstrate that the increase in impedance of aging 
3^LA batteries can be used to indicate the SOH of the 
battery. 

[0005] Another interpretation of battery SOH is the capa- 
bility of a battery to meet its load demand. This is also 
referred to as "battery condition" by others in the field. To 
obtain the SOH of a battery in the terms defined, both the 
available charge capacity of the battery and the maximum 
power available from the battery are required. Several 
approaches have been used to determine the condition of a 
battery. In U.S. Pat. No. 5,365,453 is described a method in 
which a ratio of a change in battery voltage to a change in 
load is used to predict impending battery failure in battery 
powered electronic devices. Similar methods in which the 
battery response to and recovery from the application of a 
load is used to determine the SOH of batteries are reported 
in U.S. Pat. Nos. 4,080,560 and 5,159,272. While these load 
profiling approaches work reasonably well for batteries 
integrated into a system, they are not necessarily accurate or 
reliable ways of determining the SOH of batteries outside a 
system, 

SUMMARY 

[0006] The above-discussed and other drawbacks and 
deficiencies of the prior art are overcome or alleviated by a 
method of and system for determining the state-of-health of 
a nickel-metal hydride battery connected to a load, the 



method comprising: detecting at least one of a real and 
imaginary part of an impedance of the battery at each of a 
first set of selected frequencies, said first set of selected 
frequencies including at least one firequcncy and determin- 
ing the state-of-health of the battery from a fiizzy system 
trained in a relationship between each said impedance and 
said state-of-health. 

[0007] The above-discussed and other features and advan- 
tages of the present invention will be appreciated and 
understood by those skilled in the art firom the following 
detailed description and drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] Referring now to the drawings wherein like ele- 
ments are numbered alike in the several FIGURES: 

[0009] FIG. 1 is a block diagram of method for determin- 
ing state-of-health of a Nickel metal hydride battery in 
accordance with the present invention; 

[0010] FIG. 2 is a block diagram of an additive fuzzy 
system for ;ise in the present invention; 

[0011] FIG. 3A is a schematic diagram of a circuit to 
measure battery impedance; 

[0012] FIG. 3B is a schematic diagram of a circuit to 
measure the current and voltage delivered by the nickel 
metal hydride battery to the load; 

[0013] FIG, 4 is a block diagram of a fuzzy system for use 
in determining the state of health in the present invention; 

[0014] FIG. 5 is a circuit block diagram for determining 
nickel metal hydride battery impedance in accordance with 
the present invention; 

[0015] FIG. 6 is a circuit block diagram for determining 
state-of-health of a nickel metal hydride battery in accor- 
dance with the present invention; 

[0016] FIG. 7A, and 7B are membership functions for the 
five input variables used in the fuzzy system to determine 
state of health of nickel metal hydride battery in accordance 
with present invention. 

DETAILED DESCRIPTION 

[0017] Referring to FIG. 1 a system for determining 
State-of -Health (SOH) in accordance with present invention 
is generally shown at 10. System 10 comprises nidcel metal 
hydride battery 12, a load 17, an interface circuit 14 com- 
prising impedance measuring device 14fl and current-voU- 
age measuring device 14£>, a cycle counter 15, and a fiizzy 
system 16. The nickel metal hydride battery comprises a 
series string of nickel metal hydride cells. Fxizzy system 16 
is trained in the relationship between impedance (via imped- 
ance measuring device I4a) and the SOH of the nickel metal 
hydride battery 12. 

[0018] The current draw of the load from the nickel metal 
hydride battery 12 and voltage across the battery are mea- 
sured using the current/voltage measuring device 14b. A 
cycle is defined by the complete discharge of the battery 
followed by a complete recharge of the battery. The cycle 
number represents the number of battery cycles that the 
battery has completed. The cycle number of the nickel metal 
hydride battery under specific load conditions achieved by 
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loading the battery with a Load 17 can be used along with the 
SOH to determine whether a battery is malfunctioning, i.e., 
whether the determined SOH is appropriate for the battery's 
age as indicated by the cycle number. The cycle number may 
also be tised as a measure of a battery's longevity when used 
under specified conditions, e.g., with a ^ecific load. Thus, 
the impedance measurements are provided to fuzzy system 
16 as inputs, with the SOH being the output of fuzzy system 
16. If the SOH is poor, then the SOH and cycle number may 
then be useful to determine whether the battery is malfunc- 
tioning or whether it has merely reached the end of its life. 
A fuzzy system may alternatively be trained in directly 
determining whether a battery is malfunctioning or not 
based on inputs including the cycle number. 

[0019] The SOH of a nickel metal hydride battery is 
defined as the device's ability to perform a specified task. 
Although a nickel metal hydride battery may be at a high 
Slate -of-Charge (SOC), its health may be poor due to loss of 
electrolyte or otherwise. Although a fully discharged nickel 
metal hydride battery may be at a low SOC, due to depletion 
of the charged species of the electrodes or otherwise, it may 
well be in a full SOH, which would be realized subsequent 
to recharging the nickel metal hydride battery. Phenomena 
such as loss of electrolyte and depletion of charged species 
affect the nickel metal hydride battery's power dehvery 
capability and its capacity. Therefore, the nickel metal 
hydride battery's State -of-Health is a function of its ability 
to deliver power required by a load and its capacity to meet 
those requirements. 

[0020] Referring to FIG, 2, a preferred embodiment of the 
fuzzy system comprises an additive fuzzy system 18 with 
centroid defuzzification 20, Additive fuzzy system 18 stores 
m fiizzy rules of the form, "if X is Aj then Y is Bj", and 
computes the output F(x) as the centroid of the summed and 
partially fired then-part fuzzy sets B'j, see Fiizzy Engineer- 
ing by Bart Kosko, Prentice Hall, 1997. Equation 1 
expresses mathematically additive fuzzy system 18 as: 



fix) 



^^jajU)VjCj 



EQUATION 1 

EQUATION 2 
EQUATION 3 



[0021] where: 

[0022] Wj is a weight of rule j, 

[0023] a^* represents if-part set function (membership 
function of input i of rule j on input i), 

[0024] Bj- represents joint if-part set function (result of 
"a*^ *and' a^^ . . . *and' a^') that states ±e degree to which 
the input x belongs to the if-part fiizzy set a,-, 

[0025] Bj. represents then-part set function (membership 
function j on the output), 



[0026] is the finite positive volume (or area) of the 
then-part set Bj-, 

[0027] Cj is the centroid of the then-part set Bj, 

[0028] B\ is the scaled then-part set (scaled output 
membership function j, result of a^(x)B-X and 

[0029] B is the output set prior to defuzzification. 

[0030] In linguistic terms, additive fuzzy system 18 can be 
described in terms of a set of if-then rules: 

[0031] RULE 1: If is aS and X2 is a^ . . . and 
is a^^i, then F(X) is B^, 

[0032] RULE 2: If X^ is a^^ and is a^^ . . . and X„ 
is &\, then F(X) is B^, 

[0033] RULE m: If Xi is a'^ and X^ is a^^ . . . and 
X„ is a"„, then F(X) is B^, 

[0034] where m is the nimiber of rules and n is the number 
of inputs. 

[0035] The linguistic description and the mathematical 
description of additive fuzzy system 18 are equivalent. They 
are merely different views of the same fuzzy system. Both 
approaches map a given input X to a given output F(X) by 
a process known as fuzzy inference. The following example 
demonstrates the fuzzy inference process. First, fuzzify the 
inputs by taking the inputs and determine the degree to 
which they belong to each of the appropriate input fuzzy sets 
via membership functions. Mathematically expressed as: 
"aj^(Xi), ^i^X^ . . . aj"'(X^". Linguistically expressed as: 
"If Xioai\ If X2=a,^, . . . , If X^=ai"^'. Second, apply a 
fuzzy operator by combining if-part sets of a given rule to 
obtain one number that represents the result of the anteced- 
ent for that rule. Mathematically expressed as EQUATION 
2 hereinabove. Linguistically expresses as: "a^^ 'and* a,^ 
'and' a^""" where 'and* is the T-norm product. Third, apply 
an implication method by shaping the consequent (or output 
fuzzy set) based on the result of the antecedent for that rule. 
Mathematically expressed as: "B,aai(X)Bi". Linguistically 
expressed as: "If aj(X), then Bj". Fourth, aggregate all 
outputs by combining the consequent of each rule to form 
one output fuzzy set. Mathematically expressed as EQUA- 
TION 3 hereinabove. Fifth, defuzzify by mapping the output 
fuzzy set to a crisp number. Mathematically expressed as 
"F(x)=centroid(B)=EQUAnON 1". In general see Fuzzy 
Logic Toolbox, for use with MATLAB, The Math works. Inc. 
by Jang and Gulley. 

[0036] By way of example, a supervised gradient descent 
can learn or tune additive fuzzy system 18 given by EQUA- 
TION 1 by changing the rule weights w-, the then-part 
volumes Vj, the then-part ccntroids Cj, or the if-part set 
functions a,-. 

[0037] Referring to FIG. 3A, a circuit 24 for measuring 
nickel metal hydride battery impedance is shown. Circuit 24 
comprises nickel metal hydride battery 12 whose impedance 
is to be measured, an a.c. current generator 26 of variable 
firequency, and a d.c. variable voltage generator 28. Nickel 
metal hydride battery 12 and generators 26 and 28 are 
connected in series in any order but in such a way that nickel 
metal hydride battery 12 and d.c. generator 28 have in 
common poles of the same sign, in this example positive 
poles. The no-load voltage of nickel metal hydride 12 is 
designated as Eo, the effective current of a.c. generator 26 is 
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designated as I and the voltage of d.c. generator 28 is 
designated as E. \feltage E is chosen so as to be equal to Eq 
to prevent nickel metal hydride battery 12 issuing a direct 
current. In this way, the current flowing in the loop made up 
of nickel metal hydride battery 12 and generators 26 and 28 
has no direct component and its alternating component 
designated I determines the voltage drop V across the nickel 
metal hydride battery 12. Variables V and I are complex 
numbers and their ratio V/I-Z-Z'+jZ" defines the internal 
complex impedance of nickel metal hydride battery 12, This 
impedance has a real or resistive part Z' and an imaginary or 
reactive part Z". The magnitude of this impedance, |Z|, is 
given by \7\-{Z*^+Z"y^. The phase angle of the imped- 
ance, e, is given by e=tan"^(Z''yZ'). The battery impedance 
is a function of the frequency f of the a.c. cunent. 

[0038] Referring to FIG. 3B, a circuit 5 for measuring the 
current draw of a load 17 connected to the nickel metal 
hydride battery 12 and the voltage across the nickel metal 
hydride battery 12 is shown. A voltmeter 6 is placed across 
the terminals of a nickel metal hydride battery 12 such that 
the positive lead of the voltmeter is connected to the positive 
terminal of said nickel metal hydride battery and the nega- 
tive lead of the voltmeter is connected to the negative 
terminal of said nickel metal hydride battery. An ammeter 7 
is used to measure the current from said nickel metal hydride 
battery to the load 17. The ammeter 7 is connected in series 
between said nickel metal hydride battery 12 and the load 17 
such that the current must flow from nickel metal hydride 
battery 12 through the ammeter 7 to pass into the load. 

[0039] Referring now to FIG. 4, fiizzy system 16 is 
trained in the relationship between certain impedance char- 
acteristics (e.g., real part, imaginary part, magnitude, and/or 
phase angle) at selected frequencies and the SOH of the 
nickel metal hydride battery. Specifically, the fuzzy system 
learns the underlying function F that relates the real and 
imaginary parts of the impedance at a first frequency f I, the 
real and imaginary parts of the impedance at a second 
frequency f2, and the real part of the impedance at a third 
frequency f3 to the state-of-health. The frequency fl may be 
between about 10 Hz and about 30 Hz, is preferably between 
about 10 Hz and about 20 Hz, and in the example shown is 
10 Hz. The frequency £2 may be between about 100 Hz and 
about 500 Hz, is preferably between about 200 Hz and about 
500 Hz, and in the example shown is 251 Hz. The frequency 
£3 may be between 400 Hz and 10 kHz, is preferably 
between about 2 kHz and 10 kHz, and in the example shown 
is 3,981 Hz. 

[0040] While specific selected frequencies are listed 
herein and are known to be effective, it is understood that 
real and/or imaginary parts of impedance at other various 
frequencies and/or fewer different frequencies may also be 
effective in obtaining a valid result. Furthermore, the opti- 
mal frequencies for measuring impedance may vary from 
one type of nickel metal hydride battery to another, and can 
be determined empirically by mapping the impedances of a 
nickel metal hydride battery in various known conditions 
over a range of frequencies and selecting the frequency or 
frequencies at which the real and/or imaginary parts of the 
impedance varies the most. 

[0041] Referring to FIG. S, a circuit 30 for measuring 
impedance of nickel metal hydride battery 12 at three 
frequencies is generally shown. Circuit 30 comprises nickel 



metal hydride battery 12 whose impedance is to be measured 
and an a.c. signal generator 32. A small amplitude, perturb- 
ing sinusoidal signal, x(t)=Xo sin(ci)t), is applied to nickel 
metal hydride battery 12. The response of the nickel metal 
hydride battery 12 to this perturbing signal is S(t)« 
XoK(o))sin(co[t+4i(a3)]) and is correlated with two reference 
signals, one in phase with x(t) and the other 9(f out of phase 
with x(t), e.g. sin(a)t) and cos(a)t), in order to calculate: 



H-U^Si,)>i^,d, EQUATION 4 

/Jo 

0-lf\,)c^d. EQUATIONS 



[0042] This allows the elimination of higher order har- 
monics than the fundamental and with an appropriate selec- 
tion of frequency window and multiple measurements, noise 
rejection can be very high. In the limit as 

r— a),M-*X(<o)cos <Kco)^-»i:(a))sm <Ko)), 

[0043] where K(aD) represents the amplitude of the imped- 
ance at a frequency a)/2n and <^(o}) represents the phase of 
the impedance at frequency (x)/2:i. Circuit 30 allows the 
determination of the impedance at different frequencies and 
may be set up to measure the impedance at the single 
frequency of interest. Instruments that can be used to per- 
form the impedance measurements are commercially avail- 
able. For example, the Solartron 1260 Impedance/Gain- 
Phase Analyzer available from Solartron, Inc., Houston, 
Tex., is suitable for this purpose. 

[0044] A circuit such as that shown in FIG. 6 may be used 
to determine nickel metal hydride battery SOH once the 
impedances are known. The impedance values at the three 
frequencies from circuit 30 are fed into a microcontroUer 34 
(e.g. Motorola MC 68HC11/12) either as analog or digital 
signals, wherein analog signals would be fed into the A/D 
converters on microcontroller 34 where they would be 
converted to digital signals. The magnitude of the imped- 
ance at 10 Hz, |Zi|, is stored in a first memory location, the 
phase angle of the impedance at 10 Hz, G^, is stored in a 
second memory location, the magnitude of the impedance at 
251 Hz, IZ2I, is stored in a third memory location, and the 
phase angle of the impedance at 251 Hz, 82, is stored in a 
fourth memory location, the magnitude of the impedance at 
3981 Hz, IZ3I, is stored in a fifth memory location, and the 
phase angle at 3981 Hz is stored at a sixth memory location, 
and the cycle number is stored at a seventh memory location. 
The variables Z and 6 are used to compute the real and 
imaginary parts of the impedance at 10 Hz and at 251 Hz and 
the real part of the impedance at 3981 Hz using the equations 
Z'«|Z| cos e and Z"=|Z| sin 0. These computations arc 
performed within the microcontroller and the resulting real 
component of the impedance at 10 Hz, Zj', and the imagi- 
nary component of the impedance at 10 Hz, Zj", and the real 
component of the impedance at 251 Hz, Zj', the imaginary 
component of the impedance at 251 Hz, Z^", and the real 
component of the impedance at 3981 Hz are stored in an 
eighth, ninth, tenth, eleventh, and tweffth memory locations 
respectively. Hie variables in the 7"" through 12^ memory 
locations serve as the input variables to the fuzzy system to 
determine the SOH of the nickel metal hydride battery 12. 
The output of this fuzzy system, the SOH of nickel metal 
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hydride battery 12, is stored in a thirteenth memory location. 
The battery SOH is then output to a display driver 36 and 
interfaced to a liquid crystal display 38. 



available fiill charge capacity of the battery. The input 
membership functions for the model are shown in FIG. 7 
and the rule set is given in Table 1 . 



TABLE 1 

Fuzzy Logic Model Rules for Nickel Metal Hydride Battery Capacity Estimation. 



If (inl is inlmfl) and (iii2 is in2mfl) and (in3 and in3nifl) and (in4 l9 in4nifl) 
and (in5 is inSmfl) then (outl us outlmfl) (1) 

If (inl is inlmf2) and (in2 is in2mQ) and (in3 and in3mf2) and ^4 is in^f2) 
and (in5 is in5m£2) then (out! is outl mf2) 

If (inl is inlmf3) and (in2 is inlmD) and (in3 and in3mf3) and ^4 is 'm4mi3) 
and (in5 ts inSmO) then (outl is outlmO) 

If (inl is inlnif4) and (in2 is in2mf4) and (in3 and in3mf4) and ^4 is in4mf4) 
and (inf is inSmf4) then (outl is outlmf4} 

If (inl is inlmfS) and (in2 is in2inf5) and (in3 and in3mf5) and ^4 is in4m£5) 
and (in5 is in5m£5) then (outl is outlmfS) 

If (inl is inlmf6) and (in2 is in2inf6) and (in3 and in3mf6) and (in4 is in4mf6) 
and (in5 is inSmffi) then (outl is outlmfS) 

If (inl is inlmfT) and (in2 is laTmfT) and (in3 and in3mf7) and (in4 is in4mf7) 
and (inS is inSmfT) then (outl is outlmf?) 

If (inl is inlmf8) and (ia2 is in2mfi5) and (in3 and in3mf8) and ^4 is in4mf8) 
and (in5 is inSmK) then (outl is ontlmfB) 

If (inl is inlmf9) and (in2 is in2m0) and (in3 and in3mf9) and (in4 ts in4m©) 
and (in5 ts inSm©) then (outl is ontlm©) 

If (inl is inlmflO) and (in2 is in2infl0) and (in3 and in3nifl0) and (in4 is in4mfl0) 
and (inS is inSmflO) then (outl is outlmflO) 

If (inl is inlmfll) and (in2 is in2mfll) and (in3 and inSmfll) and (in4 is in4mfll) 
and (in5 is inSmfll) then (outl is outlmfll) 

If (inl is inlmfl2) and (in2 is in2mn2) and (in3 and in3nifl2) aad (in4 is in4mfl2) 
and (inS is in5mfl2) then (outl is outlmfl 2) 

If (inl is inlmfl3) and (in2 is in2mfl3) and (in3 and in3nifl3) and (in4 is in4nifl3) 
and (in5 is inSmfl3} thai (outl is outlmfl 3) 

If (inl is inlmfl4) and (in2 is in2mfl4) and (in3 and in3mfl4) and (m4 is in4nifl4) 
and (in5 is in5[nCl4) then (outl is outlmfl 4) 

If (inl is in Imf IS) and (in2 is in2mfl5) and (in3 and in3niflS) and (in4 is in4mfl5) 
and (in5 is inSmflS) then (outl is outlmfl 5) 

where inl is the real component of the impedance @ 10 Hz 
in2 is the real component of the impedaace @ 3981.1 Hz 
in3 is the real component of the impedaace @ 251.1 Hz 
in4 is the imaginary component of the impedance @ 10 Hz 
inS is the imaginary component of the impedance @ 251.1 Hz 
and outl is the Available Pull-Charge Capacity (Ah) 



[0045] In one embodiment of this method, a fuzzy system 
implementation for determining the SOH of a series string of 
three Sanyo 2,7 Ah nickel metal hydride cells. The nickel 
metal hydride batteries are charged at a 0.9 A constant 
current for a period of 4 hours followed by a discharge at a 
constant current of 1.33A to a 3.0V cutoff voltage. This 
embodiment estimates the available capacity available from 
said nickel metal hydride battery at various cycles between 
the 109"* cycle and the 138"* cycle. A complete cycle is 
considered to be the complete charging of the battery 
followed by a complete discharge of the battery, the charging 
parameters and discharging parameters being as described in 
the previous sentence. 

[0046] A 5-input 1 -output fuzzy logic model is used to 
estimate the available full-charge capacity of the nickel 
metal hydride battery. This is then combined v.">vh the cycle 
number datum to estimate the SOH of the nickel metal 
hydride battery. The five input variables to the fiizzy logic 
model are: 1) the real part of the impedance at 10 Hz, 2) the 
real part of the impedance at 3981 Hz, 3) the real part of the 
impedance at 251 Hz, 4) the imaginary part of the imped- 
ance at 10 Hz, and 5) the imaginary part of the impedance 
at 251 Hz. The output of the fuzzy logic model is the 



[0047] While preferred embodiments have been shown 
and described, various modifications and substitutions may 
be made thereto without departing from the spirit and scope 
of the invention. Terms such as "first" and "second*' as used 
herein are not intended to imply an order of importance or 
location, but merely to distinguish between one element and 
another of like kind. It is to be understood that the invention 
has been described by way of illustration only, and such 
illustrations and embodiments as have been disclosed herein 
are not to be construed as limiting to the claims. 

What is claimed is: 

1. A method of determining the state-of-health of a 
nickel-metal hydride battery connected to a load, the method 
comprising: 

detecting an impedance characteristic of the battery at at 
least one selected frequency; and 

detennining the state-of-health of the battery from a fuzzy 
system trained in a relationship between said imped- 
ance characteristic at said at least one frequency and 
said state-of-health, wherein said state-of-health is a 
function of and varies with the battery's abiUty to 
deliver power required by the load and the battery's 
capacity to meet load requirements. 
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2. The method of claim 1 wherein said detecting com- 
prises: 

detecting a real part of said impedance at a first set of 
selected frequencies; said first set of selected fi-equen- 
cies including at least one frequency; and 

detecting an imaginary part of an impedance of the battery 
at each of a second set of selected frequencies^ said 
second set of selected frequencies including at least one 
frequency. 

3. The method of claim 2 wherein said second set of 
selected frequencies comprises a subset of said first set of 
selected frequencies. 

4. The method of claim 2 wherein said first set of selected 
frequencies includes three frequencies spanning a range of at 
least 2 decades. 

5. The method of claim 2 wherein said first set of selected 
frequencies comprises a first frequency fl, a second fre- 
quency f2, and a third frequency f3, wherein fl, £2, and f3 
satisfy the following relations: 

about 10 Hz^fl^ about 30 Hz; 

about 100 Hzif2^about 500 Hz; and 

about 400 Hz^f3^about 10 kHz. 

6. The method of claim 5 wherein said second set of 
selected frequencies comprises a subset of the first set of 
selected frequencies. 

7. The method of claim 5 wherein fl, fl, and f3 satisfy the 
following relations: 

about 10 Hzifl^about 20 Hz; 

about 200 Hz^f2^about 500 Hz; and 

about 2 kHz ^f3^ about 10 kHz. 

8. The method of claim 7 wherein said second set of 
selected frequencies comprise fl and f2. 

9. The method of claim 7 wherein fl is about 10 Hz, f2 
is about 251 Hz, and f3 is about 3981 Hz and said second set 
of selected frequencies comprises fl and f2. 

10. A system for detecting a state of health of a nickel 
metal hydride battery, the system comprising; 

a microcontroller adapted to receive inputs from an 
impedance measurement device and a voltage measure- 
ment device, the microcontroller including software 
causing the miaocontroller to perform operations 
including: 

storing an input value corresponding to an impedance 
characteristic at at least one selected frequency; and 



inputting each said input value into a fiizzy system trained 
in a relationship between each said value and said 
slate-of-health, said state-of -health being a function of 
the battery's ability to deliver power required by the 
load and the battery's capacity to meet load require- 
ments storing an output value corresponding to said 
state-of-heaith of the battery output from the fuzzy 
system. 

U, The system of claim 10 wherein said storing an input 
value comprises: storing a real part of said impedance at said 
each of a first set of selected frequencies; and storing an 
imaginary part of an impedance of the battery at each of a 
second set of selected frequencies, said second set of 
selected frequencies including at least one frequency. 

12. The system of claim 11 wherein said second set of 
selected frequencies comprises a subset of said first set of 
selected frequencies. 

13. The system of claim 11 wherein said first set of 
selected frequencies includes three frequencies spanning a 
range of at least 2 decades. 

14. The system of claim 11 wherein said first set of 
selected frequencies comprises a first frequency fl, a second 
frequency £2, and a third frequency £3, wherein fl, f2, and 
f3 satisfy the following relations: 

about 10 HzlflSabout 30 Hz; 

about 100 Hz^f2^about 500 Hz; and 

about 400 Hz^f3^about 10 kHz. 

15. The system of claim 14 wherein said second set of 
selected frequencies comprises a subset of the first set of 
selected frequencies. 

16. The system of claim 14 wherein fl, £2, and £3 satisfy 
the following relations: 

about 10 HzSfl^about 20 Hz; 

about 200 Hz^f2^about 500 Hz; and 

about 2 kHz about 10 kHz. 

17. The system of claim 16 wherein said second set of 
selected frequencies comprise fl and £2. 

18. The system of claim 17 wherein fl is about 10 Hz, £2 
is about 251 Hz, and f3 is about 3981 Hz and said second set 
of selected frequencies comprises fl and £2. 

19. The system of claim 10 wherein said fuzzy system is 
implemented by said microcontroller. 

20. The system of claim 16 wherein said fuzzy system is 
implemented by said micrc>controller. 

***** 
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